Atomic layer deposition (ALD) was used to deposit SiO 2 films in the temperature range of 50-400 o C. H 2 Si[N(C 2 H 5 ) 2 ] 2 and an O 2 plasma were used as Si precursor and oxidant, respectively. The growth process was characterized in detail, using various in situ diagnostics. Ultrashort precursor doses (~50 ms) were found to be sufficient to reach self-limiting ALD growth with a growth-percycle of ~1 Å. The films exhibited a refractive index of 1.46 ± 0.02, a mass density of 2.0 ± 0.1 g/cm 3 , and an O/Si ratio of 2.1 ± 0.1, virtually independent of the substrate temperature. The results therefore demonstrate an efficient ALD process for the conformal and uniform deposition of SiO 2 at low substrate temperatures. Also the surface chemistry during the plasma ALD process and surface passivation performance of the ALD SiO 2 films on crystalline silicon surfaces are briefly addressed.
Introduction
The key importance of silicon dioxide (SiO 2 ) for applications in silicon-based microelectronics needs no introduction. Also in silicon photovoltaics SiO 2 is a key material, as it has for long been the state-of-the-art passivation material leading to a substantial reduction of the surface recombination losses enabling high solar cell efficiencies [1] [2] [3] [4] . High quality SiO 2 is obtained by thermal oxidation of the Si surface at temperatures > 800 o C. Alternative methods for the synthesis of SiO 2 have been developed to avoid such high temperatures and long processing times. They may also enable single side deposition and a high level of control of the material properties and film thickness. These alternative methods include (wet) chemical oxidation, (plasmaenhanced) chemical vapor deposition, sputtering and electron beam evaporation.
Atomic layer deposition (ALD) is an alternative CVD-like method that recently gained a lot of attention. ALD allows for precise thickness control, optimal large-area uniformity, and the conformal coating of demanding substrate topologies [5, 6] . In a first report, ALD SiO 2 was synthesized employing SiCl 4 and H 2 O [7, 8] which required relatively high substrate temperatures (> 300 o C) and long precursor exposures. In recent years, various alternative Si precursors have been tested in combination with O 3 or H 2 O as the oxidants. These processes include the use of pyridine (C 5 H 5 N) [9] and Al as catalysts [10, 11] . The approach employing Al was referred to as rapid ALD as it resulted in deposition rates above the "theoretical" maximum of one monolayer per ALD cycle. In addition, more recently a thermal ALD process for low-temperature SiO 2 was reported which was free of catalysts or corrosive by-products [12] . In this respect, the use of precursors with amino ligands has also shown promising results, in particular when combined with H 2 O 2 , O 3 , or O 2 plasma as the oxidant [13] [14] [15] [16] . SiO 2 films grown with ALD have been reported to exhibit low carbon content, and a high electrical breakdown field [9, 14] . Nevertheless, to improve properties such as the chemical etch rate or the interface defect density, annealing at a temperature of 1000 o C was shown to be beneficial [12] .
In this contribution an efficient plasma-assisted ALD process is demonstrated for the low-temperature synthesis of SiO 2 using H 2 Si[N(C 2 H 5 ) 2 ] 2 as the Si precursor ( Figure 1a ). This precursor is commercially supplied by Air Liquide under the product name SAM.24 [17, 18] . Data are presented for the ALD process within the temperature range of 50-400 o C and the results are compared to the Al 2 O 3 ALD processes from Al(CH 3 ) 3 and H 2 O/O 2 plasma. These Al 2 O 3 processes have been widely studied and are considered rather typical and "ideal" ALD processes [19] . Moreover for ALD Al 2 O 3 films excellent surface passivation properties for silicon of arbitrary doping types and different doping levels have been reported [20, 21] . In addition, the surface chemistry during the plasma ALD process of SiO 2 is discussed and also the first results on the surface passivation performance of the ALD SiO 2 films on crystalline silicon surfaces are briefly addressed.
Experimental
The SiO 2 films were deposited in the Oxford Instruments OpAL reactor. This is an openload system, suited for both plasma and thermal ALD and operating at typical pressures of 150 mTorr. A remote O 2 plasma was used during the oxidation step in the ALD cycle. SAM.24 (Air Liquide) was used as the Si precursor ( Figure 1a ) [17, 18] . This is a liquid (melting point < -10 o C) which exhibits a high vapor pressure, i.e. ~100 Torr at 100 o C (Figure 1b) . The SAM.24 was held in a stainless steel bubbler heated to 50 o C and the precursor was introduced into the reactor by ultrashort doses (10-120 ms) using fast ALD valves. A flow of Ar as well as the O 2 flow were continuously on during the process. The latter was feasible as no evidence was found for reactions between the Si precursor and O 2 under the experimental conditions used. The substrate temperature during deposition, T dep , was varied between 50 and 400 o C. The reactor wall temperature was 180 o C unless the substrate temperature was lower. Under these conditions the wall and substrate temperature were equal. To allow for direct comparison, Al 2 O 3 was synthesized in the same reactor using Al(CH 3 ) 3 as the metal precursor and H 2 O or O 2 plasma as the oxidant [19] [20] [21] . All films were deposited on Si (100) wafers which received a short treatment in diluted HF (~1% in DI-H 2 O) to remove the native oxide prior to loading in the ALD reactor.
In situ spectroscopic ellipsometry (SE) measurements were used for optimizing the ALD process. The growth-per-cycle, GPC, and refractive index were determined by using a Cauchy optical model to fit the ellipsometry data. Rutherford backscattering spectroscopy (RBS) and elastic recoil detection (ERD) employing ~2 MeV He 2+ -ions from the singletron at the Eindhoven University of Technology and transmission Fourier transform infrared absorption (FTIR) measurements were used to analyze the film composition. The surface morphology was investigated by atomic force microscopy (AFM) measurements in semi-contact mode whereas high-resolution transmission electron microscopy (TEM) was used to study the samples in cross-section. The deposition process itself was studied in real time by quadrupole mass spectroscopy (QMS) probing the gas in the exhaust line and by optical emission spectroscopy (OES) through a view port located on top of the ALD reactor. The passivation performance of the ALD SiO 2 films was evaluated from the effective lifetime τ eff of the minority carriers in double-side coated floatzone n-type Si wafers (~3.5 Ω cm). τ eff was determined with photoconductance decay in the transient mode and quasisteady-state-mode (for τ eff < 100 µs) using a Sinton lifetime tester (WCT 100 
with W the thickness of the silicon wafer (~280 µm). In the derivation of this expression it is assumed that all recombination takes place at the surface.
Results and discussion

ALD Growth Process
The ALD process was monitored by in situ spectroscopic ellipsometry by taking data points after a certain number of cycles. Typical thickness data plotted as a function of number of ALD cycles are shown in Figure 2 [19, 20] . Moreover, no indications for a significant growth delay on the Hterminated Si(100) substrates were observed for the SiO 2 ALD process. This is also similar to what has been observed for plasma ALD of Al 2 O 3 [19] . Figure 3 shows the effect of the duration of the successive steps in the ALD recipe, i.e., the precursor dosing, precursor purge step, plasma exposure, and plasma exposure purge step (Figure 1a-1d ). In the corresponding experiments one process parameter in the ALD recipe was varied whereas the duration of the other steps was taken sufficiently long to guarantee saturated ALD conditions for the non-varied process parameters. The substrate temperature was set to 250 o C. The growth process of SiO 2 is compared to plasma-assisted ALD of Al 2 O 3 at 250 o C (Figure 1e-1h ). From the figure it is evident that ultrashort precursor dosing times (~50 ms) were already sufficient to reach a selflimiting growth with a GPC of ~1.1 Å. These short dosing times were only slightly higher compared to those used for the Al(CH 3 ) 3 precursor for ALD of Al 2 O 3 . The fact that short dosing times are sufficient is in agreement with the expectations based on the relatively high vapor pressure of the SAM.24 precursor. Many other processes from different precursors require much longer dosing times, for instance ALD of TiO 2 and Ta 2 O 5 require dosing times > 1s in a similar remote plasma and thermal ALD reactor [22, 23] . The duration of the purge step after precursor dosing was required to be > 2 s. For shorter purge times, residual precursor remaining in the reactor volume can react in the plasma, causing parasitic (PE)CVD-like growth and a higher GPC value. Regarding the O 2 plasma step, a plasma exposure time > 1 s was found to be sufficient to reach a saturated GPC, indicating the rapid removal of the precursor ligands. This plasma exposure time is slightly shorter than for plasma ALD of Al 2 O 3 which requires plasma times of ~2 s to reach saturated growth. However with in situ spectroscopic ellipsometry only the center of the Si wafer is probed and therefore, to ensure saturation over full wafer surface, a plasma exposure time of 4 s was employed in all subsequent experiments. Interestingly, the purge after the plasma step had a significant impact on the GPC. This is in contrast to the ALD process for Al 2 O 3 , where the purge step after O 2 plasma exposure was found to have little influence on the GPC and could be reduced well below 0.5 s. We attribute the higher GPC for shorter purges (< 2 s) to reactions between residual H 2 O, formed during the plasma process, with the Si precursor injected in the subsequent step. Although it is known that the H 2 Si[N(C 2 H 5 ) 2 ] 2 precursor reacts with H 2 O, it is relevant to mention here that we were unable to develop a thermal ALD process for SiO 2 using SAM.24 as precursor and H 2 O as the oxidant. No film growth was observed. Instead, even with the shortest possible H 2 O doses applied, powder formation occurred in the reactor as was noticeable by the naked eye. Figure 3 also shows the refractive index of the films corresponding to the experiments to verify saturation of the SiO 2 ALD process. At a photon energy of 2 eV a refractive index of 1.46±0.02 was obtained for the SiO 2 films under the saturated ALD conditions. The refractive index was observed to drop for very short dose and purge times, most prominently for a too short plasma exposure time. This can most probably be attributed to a reduced SiO 2 density under these conditions.
The thickness uniformity of the SiO 2 films deposited by plasma-assisted ALD at 250 o C was evaluated by mapping the thickness by spectroscopic ellipsometry. For a 8 inch (200 mm) wafer the nonuniformity, defined by the difference between the maximum and minimum thicknesses divided by the twice the average thickness of all data points measured [19] , was < 3.5%. The thickness nonuniformity achieved on 4 inch (100 mm) wafers was ~1%.
Material Properties and Substrate Temperature Dependence Figure 4 shows the effect of the substrate temperature between 50 and 400 o C on the ALD growth process of SiO 2 . The length of the purge steps in the lower temperature regime was extended (up to 10 s at 50 o C) as it is more difficult to remove H 2 O at lower temperatures which could impact the saturation behavior of the process. The GPC was observed to decrease with increasing deposition temperature from ~1.7 Å/cycle at 50 o C to 0.8 Å at 400 o C. The refractive index was fairly constant between 100 and 300 o C. Below 100 o C and above 300 o C the refractive index was somewhat lower and it can therefore not be excluded that some non-ideal ALD behavior takes place at the lowest and highest temperatures investigated. At the low substrate temperature of 50 o C, additional CVD reactions may contribute to the higher GPC. This might also explain the slightly non-linear trend between the film thickness and number of cycles observed at this deposition temperature as shown in Figure 2 . The slightly increasing GPC with number of ALD cycles points to the accumulation of some residual H 2 O in the reactor with which the precursor can react, despite the long purging times (10 s) after the plasma step. For temperatures reaching 400 o C thermal stability issues of the precursor and its ligands can start to play a role. [19, 20, 23] . As shown in Figure 4c , the GPC for this process was also found to decrease significantly when going from 25 to 400 o C. This could be attributed almost fully to the decrease in the number of Al atoms deposited per cycle. Film densification, decreasing the thickness per "monolayer" of Al 2 O 3 deposited, was found to play a minor role and only for temperatures well below 100 o C. For Al 2 O 3 , the decrease in GPC with increasing temperature could be attributed to a loss of -OH surface groups with increasing temperature due to thermally activated dehydroxylation reactions [6, 24, 25] . Thermal ALD of Al 2 O 3 ( Figure 4c ) exhibited a different trend for substrate temperatures < 200 o C. For these temperatures the ALD process was not ruled by the density of -OH surface groups but rather by the reduced oxidation efficiency of H 2 O at the lower substrate temperatures [19, 24] . Figure 4 . Influence of the substrate temperature during deposition on (a) the refractive index n and (b) the growth-per-cycle GPC of SiO 2 as determined with in situ spectroscopic ellipsometry. In (c) the GPC is given for plasma and thermal ALD of Al 2 O 3 .
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The fact that good SiO 2 material properties were obtained between 100 and 300 o C can be concluded from Table 1 . The Si and O content correspond with an O/Si ratio of 2.1 ± 0.1 and the hydrogen content of the films is 7 -10 at.% depending on the substrate temperature. The carbon and nitrogen content of the films was below the detection limit of ~5 at.%. Apart from the hydrogen content, the materials properties were found virtually independent of the substrate temperature in the range of 100 -300 o C. This also holds for the mass density which was found to be 2.0 ± 0.1 g/cm 3 . The film quality was therefore fairly constant for the plasma ALD SiO 2 process. For the plasma-assisted ALD process of Al 2 O 3 the variation in film properties also remained within a narrow range, although the variation with temperature was slightly more pronounced compared to SiO 2 prepared by plasma ALD. For Al 2 O 3 deposited at temperatures between 100 and 400 o C, the O/Al ratio varied between 1.5 and 1.7, and the mass density between 2.9 and 3.2 g/cm 3 [19, 20] . The hydrogen content of the Al 2 O 3 was in the range 1-8 at.% decreasing with increasing substrate temperature whereas carbon could not be detected above the detection limit of the RBS measurements. For temperatures below 100 o C, the Al 2 O 3 became more O-rich, less dense, and contained significantly more hydrogen [19, 20] .
Fourier transform infrared absorption spectroscopy was used to compare the ALD SiO 2 films with thermally-grown SiO 2 . Figure 5 shows the FTIR spectra revealing a shift of the Si-O-Si stretching and Si-O-Si rocking modes toward lower wavenumbers for the ALD SiO 2 film. This is in agreement with the slightly non-stoichiometric nature (O/Si ratio = 2.1 ± 0.1) of the films and the fact that the mass density of ALD SiO 2 is slightly lower compared to typical values for wet thermally grown SiO 2 films (~2.2 g/cm 3 ). The FTIR data also confirm the presence of hydrogen in the ALD SiO 2 films by the observation of SiO-H bending (~920 cm -1 ) and SiO-H stretching (2500-3600 cm -1 ) signatures in the spectrum.
The surface morphology of the SiO 2 films was studied by AFM in semi-contact mode. Films deposited at a substrate temperature of 100 o C (film thickness is 51 nm) and 200 o C (film thickness is 48 nm) were compared. The AFM scan of the SiO 2 film deposited at 200 o C is shown in Figure 6 and reveals a root-mean-square surface roughness of 1.6 Å. The film deposited at 100 o C, exhibited only a slightly higher roughness of 1.9 Å. These values were similar to those obtained for uncoated polished Si wafers and this demonstrates that the films show negligible roughness development on the Si(100) substrate. The latter can also be appreciated from the high-resolution TEM image displayed in Fig. 7 . From the AFM data it also follows that the aforementioned (PE)CVD growth component at lower substrate temperatures caused by residual H 2 O is not pronounced yet at 100 o C. 
Surface Chemistry
From the data presented and on the basis of literature reports, also a few comments can be made about the surface chemistry. The GPC decreases monotonically with the substrate temperature which is very similar to the case of Al 2 O 3 synthesized by plasmaassisted ALD. It was experimentally verified that the surface chemistry during plasma ALD Al 2 O 3 was ruled by -OH groups, with the number density of these -OH groups decreasing with temperature [24, 25] . It can therefore be concluded that also the plasmaassisted ALD SiO 2 process is governed by the -OH groups with the decrease of the GPC in Figure 4b ruled by thermally activated dehydroxylation reactions. Moreover, the presence of -OH groups was demonstrated by the FTIR spectrum of the ALD SiO 2 film showing a clear signature of SiO-H bonds incorporated in the film ( Figure 5 ). During the precursor step, it is therefore most likely that the -N(C 2 H 5 ) 2 ligands of the precursor react with the surface -OH groups producing volatile HN(C 2 H 5 ) 2 . A reaction involving the breaking of the Si-H bond in the precursor is very unlikely [16] . We propose therefore similar surface chemical reactions during the first ALD half cycle as reported by Burton et al. [16] for the SiH(N(CH 3 ) 2 ) 3 precursor which is comparable to the present precursor:
where surface species are indicated by *. In this precursor adsorption reaction, only one (x = 1) or both (x = 2) of the -N(C 2 H 5 ) 2 ligands may react. In the second half cycle, the surface reactions will be dominated by O radical species delivered by the plasma [27] . From similar cases studied previously (e.g., Al 2 O 3 from Al(CH 3 ) 3 and O 2 plasma [27] and In the latter expression the species are not balanced as it is unclear what reaction products are actually created. In the second half cycle also N-containing species need to be produced for the case that not all precursor molecules react with the -OH covered surface through the release of both -N(C 2 H 5 ) 2 ligands, i.e. when x ≠ 2 for all precursor molecules adsorbing.
Evidence for the fact that x ≠ 2 for all precursor molecules was obtained from preliminary quadrupole mass spectrometry (QMS) measurements. + ) during the first half cycle are consistent with the removal of the precursor ligands during precursor adsorption. However, it should be noted that these signals can also originate from the cracking of the precursor molecule in the mass spectrometer. Slightly enhanced signals at these m/z values were also observed during the second half cycle whereas the signals were absent during steps in which the plasma was ignited without preceding precursor dosing. This suggests that after the first half cycle indeed a fraction of the -N(C 2 H 5 ) 2 ligands remain intact on the surface [16] . The latter can also be concluded from the other species observed during the second half cycle. During this plasma step, the prominent m/z ratios that were detected included m/z = 2 ( . Figure 8 shows the signals at m/z = 18 and m/z = 44. The fact that combustion products such as CO 2 are observed during the plasma step clearly indicates that some -N(C 2 H 5 ) 2 ligands remain on the surface after precursor adsorption.
The interpretation of mass spectrometry for plasma-assisted ALD processes is more complicated than for thermal ALD as the species released from the surface can react in the plasma leading to the creation of new species. The preliminary mass spectrometry data as shown in Figure 8 should therefore be interpreted with care [27] . The plasma however also allows investigation of the optical emission spectrum during the plasma step [28] . Figure 9 shows two optical emission spectra, one for a plasma step during ALD (recorded immmediately after plasma ignition) and one for a regular O 2 plasma without preceding precursor dosing step. The presence of OH and H emission (i.e., H α , H β , H γ of the Balmer series) is clearly observed for the plasma step during ALD. These excited fragments are formed in the plasma by (electron-induced) dissociation of volatile species (likely mostly from H 2 O) originating from the reactor surfaces and substrate. The inset shows the transient H α emission during the plasma step in the ALD cycle. The increase and subsequent decrease of the signal suggests that the reaction products are formed within the first second after plasma ignition. This interpretation is consistent with the fast saturation behavior as displayed in Figure 3c . The H α emission disappears within 3-4 s after plasma ignition which is similar to the residence time of the particles in our reactor at the operating pressure used (~150 mTorr). This indicates that the surface reactions take place almost instantly after plasma ignition. Interesting is also that no signal due to CN emission is observed during the plasma step. This emission was prominently present in the emission spectra during plasma ALD from Ta 2 O 5 from Ta[N(CH 3 ) 2 ] 5 and O 2 plasma [22] . 
Silicon Surface Passivation
Finally, preliminary data on the passivation performance of the ALD SiO 2 films are discussed. As described in the experimental section the passivation properties were evaluated by measuring the effective lifetime τ eff of the minority carriers in floatzone n- , 35 (4) 191-204 (2011) type Si wafers (~3.5 Ω cm) which were deposited by SiO 2 films of 45 nm thickness at both sides after a treatment of the wafer in diluted HF (~1% in DI-H 2 O). The substrate temperature was 200 o C. The films afforded no significant surface passivation in the asdeposited state as indicated by a very low effective lifetime of τ eff = ~4 µs. Similar results were reported for as-deposited plasma ALD Al 2 O 3 films [20, 29] . These Al 2 O 3 films were shown to exhibit a very high defect density at mid gap (~10 13 eV -1 cm -2 ) related to the VUV radiation present in the plasma [30] . Annealing the ALD SiO 2 films in forming gas (10% H 2 in N 2 ) at 400 o C for 10 min. led to improved surface passivation with τ eff = 450 µs at an injection level of 5×10 14 cm -3 , which corresponds to S eff,max of 31 cm/s. This value is comparable to the S eff,max of 54 cm/s reached on floatzone n-type Si wafers (~1.3 Ω cm) by PECVD SiO 2 films after a 15 min. forming gas anneal at 600 o C [26] . The latter is among the best reported values for films prepared by CVD-like methods. The value of S eff,max is however much higher than the surface recombination velocity achieved by Al 2 O 3 films prepared by plasma ALD and thermal ALD after annealing at 400 o C for 10 min. in N 2 [21] . For the same wafers this leads to S eff,max values as low as 0.8 cm/s and 2 cm/s for plasma and thermal ALD, respectively. Moreover, the surface passivation of the ALD SiO 2 films was not stable over time and gradually deteriorated. Issues with the long term stability of the passivation by SiO 2 have been reported before for chemical oxides [31] . Nevertheless, the ALD SiO 2 films are of significant interest for surface passivation of silicon surfaces, for example in combination with Al 2 O 3 films as has recently also been demonstrated for PECVD SiO x [32] .
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Conclusions
A plasma-assisted ALD process for SiO 2 from the SAM.24 precursor (H 2 Si[N(C 2 H 5 ) 2 ] 2 ) and an O 2 plasma as oxidant has been developed for substrate temperatures between 50 and 400 o C. It is demonstrated that this process is suited for low-temperature synthesis of high-quality SiO 2 by ALD with the SiO 2 properties being relatively insensitive to the substrate temperature for the temperature range of 100 -300 o C. The process is also relatively fast as it combines a high growth-per-cycle (0.8 -1.7 Å/cycle) with relatively short dosing and purge times. These results therefore complement earlier work employing the same precursor and O 3 as the oxidant in an ALD process [33] . The ALD SiO 2 processes with this precursor are therefore of interest for high-volume manufacturing applications, for instance using ALD batch processes or inline (plasma) ALD equipment [34] . In a subsequent study, the interface properties of the SiO 2 films on Si will be evaluated in more detail by additional silicon surface passivation studies [35] .
